Pseudomonas pickettii YH105 was isolated for its ability to utilize p-nitrobenzoate as the sole source of carbon, nitrogen, and energy. Degradation of p-nitrobenzoate by this strain proceeds through a reductive route as evidenced by the accumulation of ammonia in the culture medium during growth on p-nitrobenzoate. Enzyme assays and high-performance liquid chromatography (HPLC) analysis of culture supernatants indicate that p-nitrobenzoate is degraded through p-hydroxylaminobenzoate and protocatechuate. In order to clone the genes responsible for the initial steps in the catabolic pathway, a cosmid library was constructed with P. pickettii YH105 genomic DNA. The library was screened for clones capable of transforming p-nitrobenzoate to protocatechuate, using a plate assay specific for diphenolic compounds. HPLC analysis of culture supernatants confirmed that the cosmid clones did indeed produce protocatechuate from p-nitrobenzoate. Five positive cosmid clones that possessed this activity were identified. Restriction digests of the cosmid clones indicated that all of the clones had two EcoRI fragments in common (3.9 and 1.0 kb). One of these cosmid clones, designated pGJZ1601, was chosen for further analysis. Subcloning and activity assay experiments localized the genes responsible for the conversion of p-nitrobenzoate to protocatechuate to a 1.4-kb SalI-SphI DNA fragment. Further subcloning experiments localized the gene coding for p-nitrobenzoate reductase, responsible for the first enzymatic step in the catabolic pathway, to a 0.8-kb SalI-ApaI DNA fragment. The gene for the second step in the catabolic pathway, coding for hydroxylaminolyase, was located adjacent to the gene for the p-nitrobenzoate reductase.
Nitroaromatic compounds have found widespread use as explosives and agrochemicals and are utilized in the production of many pharmaceuticals, plastics, and dyes. The ubiquitous use of nitroaromatic compounds and their persistence in the environment have prompted research into the degradability of this broadly defined class of compounds. Nitroaromatic compounds are similar to chlorinated compounds in their stability due to the electron-withdrawing effect of the substituent group. Since the nitroaromatic ring is highly resonance stabilized, it is recalcitrant with respect to microbial degradation. In spite of this, several bacterial and fungal strains are known to metabolize nitroaromatic compounds (for reviews on microbial degradation, see references 14, 30, and 44) . Microorganisms may simply transform nitroaromatic compounds to deadend products (1, 20, 31, 36, 41) , or they may actually utilize the nitroaromatic compound as a carbon and/or nitrogen source. Several catabolic pathways are now known for this microbially mediated degradative process, starting from a variety of nitroaromatic substrates (30, 44) . In general, these processes can be grouped by whether the nitro group is removed as nitrite from the parent compound or is eliminated in the form of ammonia. In the former case, the nitro group is directly removed from the compound, while in the latter case, the nitro group is reduced to a hydroxylamino or an amino group prior to removal from the parent compound. Several examples of the direct removal of the nitro group from the aromatic ring are known. For example, monooxygenases have been implicated in the direct removal of the nitro group from the aromatic ring for p-nitrophenol (23, 37, 45) and o-nitrophenol (54, 55) degradation. Dioxygenases have been implicated in the direct removal of the nitro group from the aromatic ring during the degradation of 2,4-dinitrotoluene (46), 2,6-dinitrophenol (13), 2-nitrotoluene (18) , nitrobenzene (33) , and m-nitrobenzoate (32) . The nitro group may also be removed from the aromatic ring by hydride attack through the formation of a Meisenheimer complex, as shown for the degradation of 2,4,6-dinitrophenol (28) and 2,4,6-dinitrotoluene (50) .
Reduction of the nitro group of a nitroaromatic compound may take place in several different ways. Reduction of a nitro group may be unproductive metabolically speaking. In these cases an amino-substituted aromatic compound is produced as a dead-end product (20, 41) . However, reduction of the nitro group and its subsequent removal as ammonia have been reported for the degradation of several different nitro-substituted aromatic compounds. For instance, degradation of nitrobenzene by Pseudomonas pseudoalcaligenes JS45 occurs through reduction of the nitroaromatic compound to an amino-substituted phenol prior to removal of the amino group from the aromatic ring as ammonia (33) . Degradation of p-nitrobenzoate by a Comamonas acidovorans strain proceeds through partial reduction of the nitro group prior to its release as ammonia (Fig. 1) . The first enzyme of this pathway, p-nitrobenzoate reductase, catalyzes the transformation of p-nitrobenzoate to p-hydroxylaminobenzoate. The hydroxylamino group is subsequently removed from the aromatic ring as ammonia through the action of a hydroxylaminolyase with the concomitant formation of protocatechuate (15, 16) . This reductive pathway for p-nitrobenzoate degradation has been shown to be involved in the degradation of p-nitrotoluene by other microorganisms (17, 38) .
Although considerable information about the physiology and biochemistry of nitroaromatic compound degradation is now known, genetic information on these pathways is lacking. Cloning of the genes for 2,4-dinitrotoluene degradation from Pseudomonas sp. strain DNT has been reported (49) . This strain degrades 2,4-dinitrotoluene through a dioxygenase-mediated enzymatic reaction, with removal of the nitro group as nitrite. The nucleotide sequences of the four genes for this dioxygenase have been determined (48) . Interestingly, the deduced amino acid sequences indicate that the enzyme is related to naphthalene dioxygenase. We report here the cloning and characterization of genes from Pseudomonas pickettii YH105 for the reductive degradation of p-nitrobenzoate. A preliminary report of this work has been presented elsewhere (52) .
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. Strains YH101, YH102, and YH105 were isolated as described in Results. P. pickettii ATCC 27511 was obtained from the American Type Culture Collection (Rockville, Md.). Escherichia coli HB101 (supE44 hsdS20 recA13 ara-14 proA2 lacY1 galK2 rpsL20 xyl-5 mtl-1 [6] ) was used as the host strain in the cosmid cloning experiments, and
; Gibco-BRL, Gaithersburg, Md.] was used as the host strain in all other cloning experiments. The cosmid cloning vector pHC79 (21) was obtained from Gibco-BRL and used in the construction of the cosmid library. Subcloning experiments were performed either with pGEM7Zf(Ϫ) (Promega, Madison, Wis.) or with the broad-host-range plasmid pRK415 (25) . The helper plasmid pRK2013 (11) was utilized to conjugally transfer pRK415-based clones into other bacterial strains. Plasmids constructed in the present study are shown in Fig. 3 and 4 . Mineral salts basal (MSB) medium (47) was used as minimal medium when needed. MSB was supplemented with 10 mM succinate, 5 mM p-nitrobenzoate, or 5 mM p-aminobenzoate when appropriate (sodium salts of the three acidic compounds were utilized to maintain the pH of the culture medium). MSB without ammonium sulfate was used for the analysis of whether strains could utilize added nitroaromatic compounds as nitrogen sources. A plate assay specific for diphenolic compounds was utilized to screen the cosmid library for the production of protocatechuate from p-nitrobenzoate. This medium is essentially that described by Parke (35) and consisted of MSB supplemented with 0.01% yeast extract, 0.01% Casamino Acids, 10 mM glucose, 5 mM p-nitrobenzoate, 100 g of ampicillin per ml, 50 g of p-toluidine per ml, and 1.5 mM FeCl 3 . L broth (29) was used as complete medium. Solid media contained 2% agar. Ampicillin or tetracycline was added to the medium when needed at 100 or 15 g/ml, respectively. Environmental isolates were grown at 30ЊC, and E. coli strains were grown at 37ЊC.
Analytical techniques. Ammonia was detected by measuring the oxidation of NADH in the presence of 2-oxoglutarate and L-glutamate dehydrogenase (Sigma Chemical Co., St. Louis, Mo.). Nitrite was measured as described by Smibert and Krieg (42) . High-performance liquid chromatography (HPLC) analysis was performed with a Beckman (Fullerton, Calif.) HPLC, using a reverse-phase 5-m C 18 column (4.6 mm by 25 cm) and a gradient of 0 to 100% methanol in water under acidic (0.1% acetic acid) conditions. Eluting compounds were detected by a diode array detector and identified by their retention times and UV-Vis spectra compared with those of known standards.
Whole-cell enzyme assays. Oxygen uptake was measured polarographically, using a Clark-type oxygen electrode (Rank Brothers, Cambridge, England). Strain YH105 was grown to late log phase in MSB medium supplemented with either p-nitrobenzoate, p-aminobenzoate, or succinate. Cells were harvested from 100-ml cultures by centrifugation, washed with 50 ml of cold 50 mM Na/K phosphate buffer (pH 7.0), and resuspended in 10 ml of the same buffer at 4ЊC. Reaction mixtures (2.0 ml) contained cells diluted into prewarmed (25ЊC) 50 mM Na/K phosphate buffer (pH 7.0). Oxygen uptake was measured before and after the addition of substrate (20 mM final concentration). Protein concentration was measured by the method of Bradford (7).
Molecular techniques. Total genomic DNA from P. pickettii YH105 was prepared by the method of Olsen et al. (34) . Plasmid DNA was isolated by the alkaline-sodium dodecyl sulfate procedure of Birnboim and Doly (3, 22) . DNA was digested with restriction enzymes as recommended by the supplier (Gibco-BRL). Agarose gel electrophoresis was performed in 40 mM Tris-20 mM acetate-2 mM EDTA buffer. A genomic library was constructed in E. coli HB101 (6), using cosmid pHC79 (21) . Genomic DNA was partially digested with the restriction enzyme MboI and size fractionated on a 10 to 40% sucrose gradient (40) . DNA fragments (30 to 40 kb) were pooled and ligated to BamHI-digested pHC79 as described before (21) . Ligated DNA was packaged and transfected into E. coli HB101 as recommended by the packaging extract supplier (Promega). Competent E. coli DH5␣ cells were prepared by the procedure of Hanahan (19) for transformation of plasmid DNA. Plasmids were transferred to P. pickettii ATCC 27511 by triparental mating, using the helper plasmid pRK2013 as described previously (11).
Chemicals. p-Hydroxylaminobenzoate was synthesized as described by Bauer and Rosenthal (2) . p-Nitrobenzoate, p-hydroxybenzoate, and protocatechuate were purchased from Aldrich Chemical Co. (St. Louis, Mo.), and p-aminobenzoate was purchased from Sigma. All chemicals were of the highest quality available.
RESULTS

Strain isolation.
Several bacterial strains capable of utilizing p-nitrobenzoate as the sole source of carbon were isolated. Sludge from the Somerset-Raritan Valley Sewage Authority (New Jersey) was utilized as the inoculum into MSB supplemented with p-nitrobenzoate as the sole carbon source. The enrichment cultures were incubated at 30ЊC with constant shaking until growth was observed. Following several subcultures, samples were plated onto MSB plates with p-nitrobenzoate as the sole carbon source. Distinct colony types were selected and streaked for single colonies. Three morphological groups were distinguished on the basis of colony morphologies and growth rates on MSB agar supplemented with either succinate or p-nitrobenzoate and L-agar plates. One strain from each group was chosen for further analysis (strains YH101, YH102, and YH105). Each of the three strains has the capability of utilizing p-nitrobenzoate as the sole source of nitrogen as well as carbon. In addition, strain YH105 is also able to utilize p-aminobenzoate as the sole source of carbon and nitrogen. Strain YH105 was chosen for further analysis and was identified by fatty acid analysis (Analytical Services, Inc., Essex Junction, Vt.) as P. pickettii.
Catabolic pathway identification. Analysis of the catabolic pathway was performed by using oxygen polarographic techniques. P. pickettii YH105 following growth on p-nitrobenzoate shows enhanced oxygen uptake rates in the presence of pnitrobenzoate, protocatechuate, and p-aminobenzoate compared with cells grown on succinate (Table 1) The catabolic pathway by which P. pickettii YH105 degrades p-nitrobenzoate was also investigated through detection of intermediate compounds in culture supernatants. P. pickettii YH105 is capable of growing in the presence of up to 15 mM p-nitrobenzoate. Growth of P. pickettii YH105 on p-nitrobenzoate as the sole source of carbon and nitrogen resulted in the appearance of stoichiometric amounts of ammonia in the culture medium (Fig. 2) . No nitrite was detected during this time. The appearance of ammonia and not nitrite in the culture medium is indicative of a reductive route of degradation. In order to isolate possible intermediate compounds in the degradative pathway, accumulation studies with concentrated cell suspensions were performed. P. pickettii YH105 was harvested during log-phase growth on MSB with p-nitrobenzoate, and the concentrated cell suspensions (optical density of 2.5 at 600 nm) were incubated with 2.0 mM p-nitrobenzoate. After 4 h, the cells were removed and the supernatant was analyzed by HPLC for accumulation of suspected intermediate compounds. Three compounds were detected in the culture supernatants and were identified on the basis of their retention times and UV spectra compared with those of authentic compounds ( Table 2) . Besides the original substrate, p-nitrobenzoate, protocatechuate (approximately 0.5 mM), and p-hydroxylaminobenzoate (approximately 0.05 mM) were also detected in the culture supernatants, suggesting that the catabolic pathway is similar to that proposed by Groenewegen et al. (15, 16) , as shown in Fig. 1 .
Cloning of genes for p-nitrobenzoate degradation. In order to analyze the degradation of p-nitrobenzoate in more detail at the molecular level, the genes for the transformation of pnitrobenzoate to protocatechuate were cloned. A cosmid library of P. pickettii YH105 was constructed with the cosmid cloning vector pHC79. Clones were screened for the production of protocatechuate from p-nitrobenzoate by using a colorimetric assay as described by Parke (35) . Of 600 cosmid clones tested, 5 clones showed the formation of a distinct brown color after overnight incubation. These clones were scored as putative positive clones containing the genes for the transformation of p-nitrobenzoate to protocatechuate and were chosen for further analysis. The five positive clones were analyzed by HPLC of culture supernatants following growth in liquid culture in the presence of p-nitrobenzoate. Protocatechuate was detected in all of the culture supernatants, thus confirming that the genes for the initial steps in p-nitrobenzoate degradation were present on each of the five cosmid clones. EcoRI restriction digests of the five cosmid clones were compared to identify similar size fragments. Two EcoRI fragments, 3.9 and 1.0 kb, are present in each of the five clones, suggesting that each of the clones contained DNA cloned from the same region of the genome. One of the cosmid clones (pGJZ1601) was selected for further analysis. A restriction map of pGJZ1601 was constructed (Fig. 3) . Several subclones were constructed by deletion of specific fragments or by subcloning into the cloning vector pGEM7Zf(Ϫ) to identify the region containing the genes of interest. Each clone was first tested for the ability to transform p-nitrobenzoate to protocatechuate by the plate assay technique described in Materials and Methods; this was followed by HPLC analysis of culture supernatants following growth of the clone in the presence of p-nitrobenzoate (Fig. 3) . A 17-kb subclone (pGJZ1602) was constructed by cleavage of pGJZ1601 with HindIII and religation. This deletion clone retained the ability to transform p-nitrobenzoate to protocatechuate. A clone containing the 8.5-kb BglII fragment (pGJZ1604) was also able to transform p-nitrobenzoate to protocatechuate. Clone pGJZ1603 containing an overlapping 6.0-kb ClaI fragment does not have the ability to transform p-nitrobenzoate to protocatechuate. In addition, a clone (pGJZ1605) constructed by deleting a 2.2-kb SalI fragment from pGJZ1602 has also lost the ability to metabolize p-nitrobenzoate. These data indicate that the genes for the conversion of p-nitrobenzoate to protocatechuate must be located near the SalI sites. This hypothesis is confirmed by the fact that a clone (pGJZ1606) containing a 3.3-kb NsiI fragment which includes the 2.2-kb SalI fragment has the ability to transform p-nitrobenzoate to protocatechuate. Furthermore, the 2.2-kb SalI fragment itself (pGJZ1607) was found to promote the formation of protocatechuate from p-nitrobenzoate. These results indicate that the genes for the conversion of p-nitrobenzoate to protocatechuate reside on the 2.2-kb SalI fragment.
The catabolic pathway for the degradation of p-nitrobenzoate involves at least two enzymatic steps to form protocatechuate (15) (Fig. 1) . The genes for both of these enzymes must be present on pGJZ1607. Additional subclones were constructed to locate each of the genes coding for these two enzymes. An HPLC assay was used to determine whether a clone had the ability to produce p-hydroxylaminobenzoate or protocatechuate from p-nitrobenzoate. A clone (pGJZ1609) containing a 0.8-kb SalI to ApaI fragment has the ability to transform p-nitrobenzoate to p-hydroxylaminobenzoate (Fig.  4) . This indicates that the gene responsible for the first step in the catabolic pathway, coding for p-nitrobenzoate reductase, must be present on this small fragment of DNA. A slightly larger clone (pGJZ1608) containing a 1.4-kb SalI-SphI fragment was able to transform p-nitrobenzoate completely to protocatechuate. These data indicate that the gene for the second step in the catabolic pathway, coding for hydroxylaminolyase, is located adjacent to that for p-nitrobenzoate reductase.
In order to confirm the results obtained with clones in E. coli, an alternative host, P. pickettii ATCC 27511, was utilized. The latter strain is the same species as strain YH105 from which the genes for p-nitrobenzoate degradation were cloned. However, P. pickettii ATCC 27511 does not have the ability to utilize p-nitrobenzoate as a carbon source. The 2.2-kb SalI fragment shown to contain the genes for the conversion of p-nitrobenzoate to protocatechuate was cloned into the broadhost-range vector pRK415. The resulting plasmid, pGJZ1610, was transferred to P. pickettii ATCC 27511 by triparental mat- 
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ing. The resulting transconjugant was able to utilize p-nitrobenzoate as the sole source of carbon and energy for growth.
DISCUSSION
The mechanism by which microorganisms degrade p-nitrobenzoate has been studied intermittently over the last 40 years. In the late 1950s, several reports that described a reductive route for p-nitrobenzoate degradation appeared (10, 12, 24) . In the last 5 years, attention has turned again to the degradation of p-nitrobenzoate because of its potential use as a substrate for biocatalytic transformations (15) as well as its involvement as an intermediate in the degradation of nitrotoluene (17, 38) . The catabolic pathway for p-nitrobenzoate degradation recently suggested by at least three groups (15, 17, 38) involves the initial reduction of p-nitrobenzoate to p-hydroxylaminobenzoate (Fig. 1) . Enzymatic removal of the hydroxylamino moiety results in the formation of protocatechuate and ammonia. In the present paper we have isolated a P. pickettii strain (YH105) that also is able to degrade p-nitrobenzoate. This isolate also has the ability to grow on p-aminobenzoate. The possibility exists that in P. pickettii YH105 p-nitrobenzoate is first reduced completely to p-aminobenzoate before removal of the functional group as ammonia. Such a catabolic pathway has indeed been proposed previously for p-nitrobenzoate degradation (12) . In addition, it is known that nitro groups on several different nitroaromatic compounds can be completely reduced to amino groups by microorganisms (5, 31) . Analysis of the culture medium following growth of P. pickettii YH105 on p-nitrobenzoate revealed the presence of p-hydroxylaminobenzoate and protocatechuate ( (16) . Experiments with the cloned genes for p-nitrobenzoate degradation in the present paper confirm that this is indeed the pathway by which P. pickettii YH105 degrades p-nitrobenzoate.
The genes for the conversion of p-nitrobenzoate to protocatechuate were cloned from P. pickettii YH105 on a 43-kb partial MboI fragment. The appropriate clone was located in a cosmid library by screening for the production of protocatechuate from p-nitrobenzoate by the plate assay method described by Parke (35) . HPLC analyses of culture supernatants confirmed that E. coli carrying the cosmid clone pGJZ1601 has the ability to transform p-nitrobenzoate to protocatechuate. During these studies, a background activity due to endogenous E. coli nitroreductase activity was observed. However, under the conditions used for the experiments, E. coli DH5␣ showed only trace levels of p-aminobenzoate formation after 2 days of incubation. The data on p-nitrobenzoate transformation by E. coli containing the subclones were recorded after 18-h incubations. The smallest fragment of DNA responsible for catalyzing the conversion of p-nitrobenzoate to protocatechuate is a FIG. 4 . Restriction map of pGJZ1607 and localization of the genes for p-nitrobenzoate reductase and hydroxylaminolyase. Only the cloned region is shown. The cloning vector utilized in all cases is pGEM7Zf(Ϫ). The activity columns designate whether the subclone is able to transform p-nitrobenzoate to p-hydroxylaminobenzoate indicative of p-nitrobenzoate reductase activity (p-NBA to p-HABA column) and whether the subclone is able to transform p-nitrobenzoate to protocatechuate indicative of both p-nitrobenzoate reductase and hydroxylaminolyase activity (p-NBA to Pca column). A, ApaI; S, SalI; Sp, SphI.
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1.4-kb SalI-SphI fragment (Fig. 4) . Further subclones (Fig. 4) demonstrated that a 0.8-kb SalI-ApaI fragment contains the gene for a nitroreductase that is capable of converting p-nitrobenzoate to p-hydroxylaminobenzoate. This means that the gene for a hydroxylaminolyase must be located in the 0.6-kb ApaI-SphI fragment of pGJZ1608 or at least spans the ApaI site.
To date, very little data on the molecular and biochemical aspects of the reductive degradation of nitroaromatic compounds have been published (30, 44) . Indeed, the present report is, to our knowledge, the first example of cloning genes responsible for the initial steps in the reductive degradation of a nitroaromatic compound. Several nitroreductases from enteric bacteria have been characterized at the molecular and biochemical levels (4, 8, 9, 26, 27, 39, 51) . Although the physiological role of these nitroreductases is not known, several of these enzymes fortuitously reduce certain nitroaromatic compounds completely to the amino derivative. Features common to these nitroreductases are that they are flavin mononucleotide-containing flavoproteins, using NADH or NADPH as the source of reducing equivalents, and range between 24,000 and 30,000 in molecular weight. Nitroreductases involved in nitroaromatic degradative pathways partially reduce the nitro group to a hydroxylamino group and have been isolated from C. acidovorans NBA-10 (15) and P. pseudoalcaligenes JS45 (43) . The latter nitroreductase is between 29 and 33 kDa in size. On the basis of these data, the expected size for a typical nitroreductase gene is between 0.7 and 0.9 kb. This estimation is consistent with the observation that a 0.8-kb SalI-ApaI fragment from P. pickettii YH105 contains the gene for a p-nitrobenzoate reductase.
The enzyme hydroxylaminolyase has only been purified from C. acidovorans NBA-10 (16). The reported size of this enzyme is 45 kDa, which would suggest that a 1.2-kb DNA fragment is needed to contain the corresponding gene. However, the protein size in these experiments was based on gel filtration data and therefore reflects the size of the native hydroxylaminolyase and makes no conclusions about the monomeric size of any possible subunits. The gene for this enzyme from P. pickettii YH105 was located to a 0.6-kb ApaI-SphI fragment (Fig. 4) and could actually span the ApaI site. This suggests that the monomeric size of the hydroxylaminolyase is in the range of 22 to 23 kDa and that the enzyme may consist of a dimer of identical subunits.
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